We have determined the interaction strengths of the common naturally occurring amino acids using a complete binding affinity matrix of 20 × 20 pairs of homo-octapeptides consisting of the 20 common amino acids between stationary and mobile states. We used a bead-based fluorescence assay for these measurements. The results provide a basis for analyzing specificity, polymorphisms, and selectivity of inter-amino-acid interactions. Comparative analyses of the binding energies, i.e., the free energies of association (ΔG A ), reveal contributions assignable to both main-chain-related and side-chain-related interactions originating from the chemical structures of these 20 common amino acids. Side-chain−side-chain and side-chain−main-chain interactions are found to be pronounced in an identified set of amino acid pairs that determine the basis of inter-amino-acid recognition. N atural proteins contain primarily 20 common amino acids that are distinguished by their chemical side chains. The primary structures of proteins are defined by their sequences of amino acids, which are critically important for protein folding and higher order protein structures and functions. 1−4 As with the definition of the primary structures of proteins, peptides are formed from different amino acids, NH 2 CHRCOOH (where R represents the side chain of the amino acid), conjugated through the amide (−CONH−) link that is the repeating unit of the main chain of the peptide. The main chain contains two moieties, N−H and CO, which can participate in forming hydrogen bonds. Consequently, the interactions of all of the 20 common amino acids with one another are important in analyzing and predicting protein−protein interactions.
N atural proteins contain primarily 20 common amino acids that are distinguished by their chemical side chains. The primary structures of proteins are defined by their sequences of amino acids, which are critically important for protein folding and higher order protein structures and functions. 1−4 As with the definition of the primary structures of proteins, peptides are formed from different amino acids, NH 2 CHRCOOH (where R represents the side chain of the amino acid), conjugated through the amide (−CONH−) link that is the repeating unit of the main chain of the peptide. The main chain contains two moieties, N−H and CO, which can participate in forming hydrogen bonds. Consequently, the interactions of all of the 20 common amino acids with one another are important in analyzing and predicting protein−protein interactions. 5 However, comprehensive quantitative measurements of the interamino-acid interactions have not previously been reported.
Inter-amino-acid interactions are reflected in the interpeptide binding affinities (K D ) or binding energies, i.e., free energies of association (ΔG A ), through the relationship ΔG A = RT ln K D . The interpeptide interactions and those between amino acids are fundamentally correlated since the binding energies are dependent on side-chain−side-chain, side-chain−main-chain, and main-chain−main-chain interactions. In particular, sidechain-related interactions are central to inter-amino-acid interactions and to inter-amino-acid recognitions. Therefore, peptides with homologous sequences and structures should be ideal for determining inter-amino-acid interaction strengths. Given that interaction strengths between proteins vary over a broad range, we expect that the interaction strengths of amino acids should also vary widely. Specifically, inter-amino-acid interactions in the strong interaction regime play fundamental roles in interprotein recognition, as indicated in many biological processes such as antigen−antibody recognition, ligand− receptor interactions, and protein aggregation relating to a broad range of diseases.
The binding energies between biomolecules can be determined by measuring binding affinities. The experimental quest for quantitative measurements of binding properties of the 20 common amino acids has been challenging due to the significant differences in the chemical structures of side chains (including size, charge, and hydrophobicity) and the sensitivity limitations of the available techniques. 5 To our knowledge, no complete set of measurements of the binding characteristics of all the common naturally occurring amino acids under identical conditions has been reported. In related recent efforts, microbead-based and cell-surface-based fluorescence method using flow cytometry (FCM) 6−8 has shown promise in obtaining binding affinities of protein−peptide interactions, 9 and protein association with chromatin. 10 The measured maximal bead fluorescence and median channel fluorescence were shown to be correlated to the binding affinities between proteins immobilized on microbeads and peptides in the mobile phase. 9 In another effort, quantitative analyses of the multivalent binding between ligands and nanoparticles with low ligand valency revealed significant heterogeneity in the measured nanoparticle−ligand distributions, which can be characterized by Poisson distributions. 11 It was suggested that a threshold valence is required in order to achieve homogeneous binding distributions. 12 Therefore, distributions of species formed by ligand-microbead or nanoparticles should be examined statistically in order to perform quantitative assessments of binding affinities.
One approach to determine the inter-amino-acid interactions is to study the binding of peptides with designated sequences. In particular, peptides with homologous structures should have high fidelity in determining the binding of the 20 common amino acids with one another. Secondary structures should be disfavored in such studies in order to ensure that peptide main chains are ultimately accessible for interpeptide interactions, which is essential for assessing main-chain-related interactions, and clarifying the determinant interactions between amino acids. Previous reports suggest that peptides with fewer than 15 residues are unlikely to develop helices due to the lack of longrange (interhelical) interactions. 4,13−15 In addition, β-sheet structures can be avoided by controlling experimental conditions such as solvent polarity and incubation time. In this work, homo-octapeptides were selected for minimizing ambiguity due to sequence effects, reducing the structural fluctuations of terminal moieties, and minimizing conformational effects due to secondary structures, so that quantitative measurements of binding affinity can be made. We introduce a microbead-based FCM method to determine the peptide− peptide binding affinities under constant experimental conditions. The methodology to determine the interpeptide interactions is presented below. 16 Let I 1 be the fluorescence threshold for measuring the nonfluorescently tagged polystyrene (PS) microbeads in FCM and N 1 be the number of PS microbeads with measured fluorescence intensity higher than I 1 . We write N as the total number of PS microbeads. Finally, we denote X as the number of PS microbeads with fluorescence intensity higher than I 1 due to fluorescently tagged peptides bound on the PS microbead surface.
Assuming that each microbead has the same number of binding sites and each binding site binds with peptides independently, X will have a binomial distribution according to probability model [page 81 in ref 17]; i.e., the probability that X is equal to a non-negative integer
, where p 1 = P(I > I 1 ), which represents the probability of PS microbeads with measured fluorescence intensity higher than I 
Note that the fluorescence threshold, I 1 , is equivalent to the threshold number of peptides with fluorophores on an individual microbead, k 1 (not measurable in this study), and therefore is equivalent to the threshold peptide coverage of θ 1 on the microbead surface. As a result, the probability of peptide coverage higher than θ 1 is equal to p 1 . According to the Central Limit Theorem (by De Moivre) [page 244 in ref 18] , the distribution of peptide coverage on the PS microbead surface, θ, can be approximated by a standard normal distribution.
19 Therefore, the distribution of θ follows the expression:
where θ ̅ is the mean of θ, σ is the standard deviation, and Φ(x) is the standard normal distribution function. Combining eqs 1 and 2, one obtains:
We find that Φ(x) is approximately linearly related to x when |x| < 1, with coefficient α, which is approximately 
According to the Langmuir isotherm:
where K D is the equilibrium dissociation constant and C a is the peptide concentration in solution. The equilibrium between the octapeptide in solution (mobile state) and those adsorbed is described by the Langmuir adsorption isotherm. Therefore, the probability of fluorescence intensity can be expressed as
In the present study, p 0 ≅ 2%, and is related to the preselected threshold in the FCM measurements. n is a constant relating to the standard deviation of peptide coverage on the PS microbead surface. Note that in the actual experiments, the PS microbeads inevitably have size distributions that could lead to fluctuations in the numbers of peptide binding sites on their surfaces; the
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Research Article assumption that each microbead has identical numbers of binding sites with peptides is an idealized situation. However, we expect that, within experimental error, the relationship in eq 5 provides an accurate estimate of the interpeptide binding affinities.
The measured binding affinities enable us to determine the free energies of association for octapeptide pairs
A D (6) in which AA8 represents the bound octapeptides on the microbead surfaces (in the stationary states) and 8 represents the fluorescent-tagged octapeptides (in the mobile phase), respectively. Note that since the homo-octapeptides lead to reduced ambiguity on interpeptide interactions due to heterogeneity in chemical structures of side chains, the interaction strengths between pairs of octapeptides can be correlated to the corresponding pairs of amino acids. Consequently, analyses of main-chain-related and side-chainside-chain interactions may be performed by comparative 
Research Article analyses of the free energies of association of octapeptides pairwise.
■ RESULTS AND DISCUSSION
The binding of octapeptides is measured using microbead-based flow cytometry (as shown schematically in Figure 1 ). The binding of the fluorescein isothiocyanate (FITC)-labeled octapeptides in the mobile state (referred to as 8) and the octapeptides in the stationary state (hereafter referred to as AA8) leads to fluorescence of the microbeads proportional to the equilibrium coverage. The binding affinities of octapeptide pairs were obtained from the microbead population above the fluorescence threshold as a function of the 8 concentration. An example of the experimental results for G8 ↔ 8 is presented in Figure 2A . The gate was set at the arrow, where the population of the background signal above the gate value is 1.8%. The microbead population above the fluorescence threshold, p 1 , is 48.2% for the G8 ↔ 8 binding pair at a 8 concentration of 5 × 10 −8 M. The equilibrium dissociation constant K D of G8 ↔ 8 was obtained by fitting the fluorescence intensity distribution on 8 as a function of concentration using Bayesian analysis ( Figure 2C) . The values for the constants p 0 and n were obtained from the Bayesian analysis, as shown in Figure 2C . The constant p 0 corresponds to the microbead population above the fluorescence threshold in the control measurements in which no fluorescently labeled peptides were introduced into the solution. The constant n is related to the standard deviation of the peptide coverage on the PS microbead surface. The complete results of binding affinity measurements for 20 × 20 pairs of octapeptide consisting of the common amino acids (Figures S1−S400) and the tabulated binding affinities K D for octapeptide pairs (Table  S1 ) are presented in the Supporting Information.
This complete set of measurements of equilibrium dissociation constants (K D ) of the 20 × 20 pairs of octapeptides in the stationary (AA8) and mobile ( 8) states (Table S1 ) reveals the interaction strengths between all of the 20 amino acids. From the relationship in eq 6, the free energies of association for interpeptide interactions are obtained and are presented in Table 1 , in which the values of the free energies of association ΔG A (AA8 ↔ 8) are categorized and color coded. The binding energies are categorized into four regimes, very strong (below −12 kcal/mol), relatively strong (−10 to −12 kcal/mol), relatively weak (−8 to −10 kcal/mol), and very weak (above −8 kcal/mol). The diagonal values in Table 1 represent the binding energies between pairs of identical octapeptides. The offdiagonal values correspond to the binding energies between dissimilar octapeptide pairs distinguished by the physicochemical properties such as size, shape, charge, and hydrophobicity of constituent amino acids. The magnitude of ΔG A (AA8 ↔ 8) is between −7.7 ± 0.3 kcal/mol (for D8 ↔ 8) and −13.0 ± 0.1 kcal/mol (for L8 ↔ 8, I8 ↔ 8). We conclude from Table  1 that the interpeptide interactions are exclusively attractive.
With the obtained complete set of the binding energies of octapeptides, consisting of the common amino acids under identical conditions, we can elucidate the contributions of interamino-acid recognition and understand the sequence dependence of interprotein interactions at the level of individual amino acids. In order to understand the inter-amino-acid interactions from the measured free energies of association of homooctapeptides, it is important to differentiate the contributions from side-chain−side-chain, side-chain−main-chain, and main- 
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Research Article chain−main-chain interactions. We illustrate here that comparative analyses of the free energies of interpeptide association enable elucidation of the key contributions to the overall interactions. Note that the net charges of the basic and acidic amino acids are significantly dependent on pH, and associated electrostatic interactions are screened by the electrolyte in buffer solution in the present study. Therefore, the contributions to the inter-amino-acid interactions in this work should not be dominated by ionic interactions.
In order to determine the main-chain-and side-chain-related effects in binding interactions, we discuss below the contributions from side chains and main chains via comparative analyses of amino acids with structural similarities. An example of such a comparison can be seen in the effect of hydrophobicity in the alkyl side-chain series, such as the binding energies of aspartic acid (D) vs glutamic acid (E). These two amino acids have the same terminal carboxyl moiety, −COOH, with a difference of only one methylene, −CH 2 −, in the side chain. As a result, the binding energy ΔG A (E8 ↔ 8) is lower than ΔG A (D8 ↔ 8) by 0.6 kcal/mol (−9.7 kcal/mol vs −9.1 kcal/mol). This and related differences indicate that longer alkyl side chains and hydrophobicity can contribute appreciably to enhance binding affinities. The same effect can be observed in the relative binding energies of glutamine (Q) and asparagine (N) (with terminal amide groups). The binding energy of Q8 ↔ 8 is again lower than that of N8 ↔ 8 by 0.5 kcal/mol (−11.0 kcal/mol vs. −10.5 kcal/mol). The magnitudes of the binding energy differences due to the methylene moiety are in general agreement with those derived from mutational analyses such as the stability of the enzyme barnase (ca. 0.8 kcal/mol). 20 In addition, significant stereoselective effects can be elucidated involving amino acids with branched side chains, i.e., isoleucine (I), leucine (L), and valine (V). From the molecular structures, I and L are allotropes with branched methyl groups at the β and γ carbon sites, respectively. The effects of steric repulsion can be seen in the binding energies of ΔG A (L8 ↔ 8) (−10.1 kcal/mol), which is lower than ΔG A (I8 ↔ 8) (−9.0 kcal/mol) by 1.1 kcal/mol. The stereoselectivity due to the branched side chains contributes to the selectivity inter-amino-acid interactions.
One can further compare side chains with the same alkyl lengths to determine the contributions from the terminal moieties to the binding energies. These effects are reflected in the variations of binding energies for peptides with one methyl unit in the side chains, phenylalanine (F) (F8 ↔ 8:
, and leucine (L) (L8 ↔ 8: −10.1 kcal/mol). With one methyl unit, the binding energies of F8, W8, Y8, and H8 are significantly lower than those of D8 and L8, suggesting that aromatic interactions between side chains are more effective in enhancing binding affinities. With two methylene units in the side chain moiety, the binding energy of methionine (M) (M8 ↔ M8: −11.6 ± 0.1 kcal/mol) is noticeably lower than that of glutamic acid (E) (E8 ↔ E8: −9.7 ± 0.3 kcal/mol) and glutamine (Q) (Q8 ↔ Q8: −11.0 ± 0.3 kcal/mol).
The above discussion qualitatively illustrates the contributions of side-chain-related interactions to the binding affinities of amino acids. We further demonstrate the feasibility of analyzing main-chain-related interactions, which are also critical in determining inter-amino-acid binding energies.
We consider the contributions from main chains by comparing the binding energies between glycine (G) with other amino acids. Since glycine is the simplest amino acid, with only one hydrogen atom in the side chain, only main-chain− main-chain interactions are involved in G8 ↔ 8. Therefore, the interactions of glycine with other amino acids can be used to illustrate the main-chain-side-chain interactions. Figure 3 presents the distribution of binding energies between G8 and octapeptides of the 20 common amino acids. The magnitudes of the binding energies vary between −8.0 kcal/mol (G8 ↔ 8) and −12.7 kcal/mol (G8 ↔ 8) in the G8 ↔ 8 and AA8 ↔ 8 series, which indicate that the main chains of G8 and 8 interact with the side chains of other octapeptides. The contributing interactions can be attributed to hydrogen bonding between the CO and N−H groups of the main chains with the side chains of other octapeptides. 21, 22 Other interactions, including electrostatics and steric hindrance, can also contribute. The analogous comparisons of free energies of association for other AAs are provided in the Supporting Information (Figures S401−S419) .
The exceptionally strong binding affinity of 8 with G8 can be attributed to the indole moiety of the tryptophan side chain that forms NH···π hydrogen bonds, while the indole NH-group can participate in hydrogen bonding as an acceptor. 23 The quadrupole of the aromatic moiety of tryptophan can also contribute weak electrostatic interactions. 24, 25 In particular, 8 in the mobile phase interacts almost invariably with peptides of all 20 amino acids, as seen in Table 1 . This observation is consistent with the pronounced stabilization effect of tryptophan in protein structures, which has been extensively reported. 26 As seen in Figure 3 , the binding energy of G8 with 8 (−8.0 kcal/mol) is significantly reduced from the baseline interactions between the main chains (G8 ↔ 8: −9.4 kcal/ mol). We attribute such repulsive effects to side-chain desolvation associated with shielding of the branched structure of isoleucine (I) blocking the access of water to CO in the main chain, which could be energetically unfavorable. 27 In contrast, the enhanced interaction can be seen between the side 
Research Article chains of I8 and the main chain of G8 (I8 ↔ 8: −10.7 kcal/ mol), showing that branched side chains can enhance interaction strength, which may be conformation dependent. Note that in Figure 3 , most of the binding energies for ΔG A (G8 ↔ 8) and ΔG A (AA8 ↔ 8) are close (with differences of less than 1.1 kcal/mol) to that of ΔG A (G8 ↔ 8) (−9.4 kcal/mol), except for ΔG A (G8 ↔ 8), ΔG A (G8 ↔ 8), ΔG A (I8 ↔ 8), and ΔG A (P8 ↔ 8), suggesting that the dominant inter-amino-acid interactions are due to the main chains. This observation is consistent with the statistical analyses of protein structures that reveal hydrogen-bonding interactions are common between the CO and N−H groups of main chains. 21, 22 The extensive efforts focusing on the interactions between main chains of proteins and peptides have revealed a rich range of energetics that are sensitive to solvent quality and conformations. The hydrogen bonds between main chains have been at the center of this pursuit and determining the free energy of an individual amide hydrogen bond N−H···OC has been attempted in a number of studies. 28 The dependence of the hydrogen-bond strength on conformation and local environment leads to significant variations. 4 It is unlikely that all amide moieties in G8 (or 8) participate in hydrogen bond formation in G8 ↔ 8. Rigorous quantification of the inter-amino-acid binding energies will require further experiments to clarify the contributions of van der Waals interactions and conformational effects of the whole peptide, which are likely dependent on peptide length as well as sequence.
The peptide conformational entropy may be different in the mobile and stationary states, leading to observable asymmetries in binding affinities. An interesting comparison is found in the asymmetry in the binding energies of AA8 ↔ 8 in the mobile state with other homopeptides in the stationary state. This effect is more pronounced in W8 ↔ 8, D8 ↔ 8, and C8 ↔ 8. The dramatic differences between G8 ↔ 8 (−12.7 kcal/mol) and W8 ↔ 8 (−9.6 kcal/mol), G8 ↔ 8 (−10.3 kcal/mol), and D8 ↔ 8 (−8.8 kcal/mol), as well as G8 ↔ 8 (−10.3 kcal/ mol) and C8 ↔ 8 (−8.8 kcal/mol) are likely manifestations of conformational entropy effects for the stationary and mobile peptides. 4 Side chain conformation is dependent on the state of immobilization, resulting in variations in association rates and binding affinities 5 and the observed asymmetry in binding energies between the amino acid pairs.
The binding energies between G8 and peptides of other common amino acids in Figure 3 also reflect inter-amino-acid recognition, i.e., specificity, selectivity, and polymorphism. The specificity of glycine can be defined as its profile of interactions with the common amino acids in both stationary and mobile states. The selectivity of glycine, as well as other amino acids, can be defined as the most pronounced interactions in the specificity profiles, which provide the basis for studying the sequence dependence and the mutagenesis effects on peptide−peptide and protein−protein interactions. The values of binding energies can be close (within experimental error) for certain sets of peptide pairs, which is consistent with the polymorphisms of inter-amino-acid interactions. Such polymorphisms in binding free energies are indicative of the complementarity and synergy of amino acids with significant chemical and structural differences. We posit that the polymorphisms at the level of individual amino acids can be associated with the polymorphisms of protein structures and related biological functions. The above-discussed specificity, selectivity, and polymorphism of glycine can be generalized to all amino acids and constitute the core elements of inter-amino-acid recognition.
The above discussion of the G8 ↔ 8 series demonstrates the feasibility of identifying representative side-chain-related and main-chain-related interactions based on comparative analyses of interpeptide binding energies. Importantly, the above comparative analysis on the glycine series suggests that contributions from side chains can be recognized distinctly in the strong interaction regime (particularly at or below −12 kcal/ mol binding energy, or 10 −9 M in binding affinity) between homopeptides. The inter-amino-acid interactions in these strong-binding regimes can be attributed to side-chainenhanced binding energies between octapeptide pairs with the magnitudes of ca. −3 kcal/mol (at or below −12 kcal/mol).
The above comparative analysis illustrates that inter-aminoacid recognition is based on understandable combinatorial interactions of side chains with differences in size, shape, hydrophobicity, acidity, and hydrogen-bonding potential. Hydrophobic interactions are naturally associated with nonpolar side chains, and are of critical importance for protein folding and protein−protein interactions. The electrostatic interactions between similarly or oppositely charged side chains are associated with acidic and basic amino acids. In addition, solvent molecules are important in stabilizing the interactions through competitive bonding and entropic contributions. Fullfledged analyses of side-chain−side-chain, side-chain−mainchain, and main-chain−main-chain interactions must take into account contributions including ionic, hydrophobic, aromatic, hydrogen bonding, sulfuric, and stereochemical interactions. The approach used here effectively circumvents and also provides key quantitative data for such analyses. It is apparent that multiple, rather than single, types of inter-amino-acid interactions are involved. We attribute the significant differences in the magnitudes of the free energies in the literature and in this work to disparities in local solvent environments, and cooperativity in protein structures. We anticipate that extended studies on peptides with heterogeneous sequences will provide useful routes for elucidating the effects of heterogeneity and cooperativity in the sequence dependence of protein structures.
On the basis of the above discussion of the strengths of interamino-acid interactions, four categories can be defined based on contributions from main-chain-related and side-chain-related effects:
(1) Main-Chain−Main-Chain Attraction (e.g., G ↔ ):
These amino acid pairs are characterized by interaction strengths comparable to that of glycine−glycine. (2) Side-Chain−Main-Chain Reduced Attraction (e.g., G ↔ ): These amino acid pairs are characterized by identifiable reductions in interaction strength compared to that of glycine−glycine. The reduced inter-amino-acid interactions may originate from disfavored side-chain− main-chain interactions (such as shielding effects due to side-chain desolvation). On the basis of the experimental results, the majority of sidechain-related inter-amino-acid interactions are found to be in side-chain−main-chain enhanced attraction and side-chain− main-chain reduced attraction due to comparable contributions from side-chain−main-chain and main-chain−main-chain interactions. The distribution of interaction strengths is shown in Figure 4 and the majority of the values for ΔG A (AA8 ↔ 8)
range between −12 and −8 kcal/mol. Pronounced selectivity, as well as specificity and polymorphism, can be observed from this work for the inter-amino-acid interactions of the selected amino acid pairs originates from their chemical structures, conformations, etc. Selectivity can be demonstrated in preferential interactions between amino acids, particularly in the strong interaction regimes, such as G ↔ , etc. Specificity can be seen in the interaction strengths shown in Figure 3 . In Table 1 , different amino acid pairs can have similar binding affinities, such as G ↔ and G ↔ , G ↔ , G ↔ , G ↔ , and G ↔ in Figure 3 and Table 1 , as well as in the histogram distribution in Figure 4 . This observed multiplicity in interaction strengths among hetero-amino-acid pairs with different chemical structures can be the basis for interpeptide interaction polymorphisms, particularly for heterogeneous sequences of peptides. Furthermore, the binding affinity measurements for homo-amino-acid pairs show that in addition to the mean value of equilibrium, the standard deviation specifies the characteristic distribution of the measurement results. The multiplicity in binding affinity for homo-amino-acid pairs is a reflection of contributions from the intrinsic population distributions of thermodynamic states from the conformation, configuration, etc., of the amino acids in the peptide pairs and the polymorphisms in inter-amino-acid interactions.
These results also enable compositional analyses of free energy with contributions from main chains and side chains. The physicochemical determinants of the binding affinities of peptide−peptide complexes include length, composition, sequence, environmental conditions, etc. that are intrinsically associated with contributions from side-chain interactions, structural and conformational effects in peptides. The measured binding affinities of homo-octapeptides here should facilitate the effort to unravel these determinants in future studies, as well as to pursue the ultimate goal of predicting peptide−peptide binding affinities.
A biologically relevant peptide length effect may be found in polyglutamine (polyQ) and polyasparagine (polyN) that have been associated with a number of diseases, including neurodegenerative diseases. The reported studies of diseases related to polyQ and polyN have shown significant length dependences. For example, a threshold of 35−60 glutamines was identified for disease symptoms. 29−31 PolyQ peptides with lengths below 35 have no disease manifestations. The length effects on conformation and aggregation kinetics have also been explored. 32 In addition, the presence of flanking sequences 33, 34 and cooperative effects 35 in aggregation of polyQ peptides have been identified in a number of studies.
Note that the typical lengths of reported polyQ and polyN peptides are much longer than the octapeptides in our work. Definitive analyses of the binding affinities of polyQ and polyN require further insight into the length-dependence effects on binding affinities, which will be pursued in future studies using the methodology described here and complementary approaches. Furthermore, the composition and sequence effects on the binding affinities can be used to help elucidate the molecular mechanisms relating to the flanking sequences and cooperative effects on polyQ aggregation propensity.
The methodology of inter-amino-acid recognition described here can be adapted for studying interactions between the common naturally occurring amino acids and other categories of amino acids, such as non-natural amino acids, 36, 37 as well as glycans and glycopolymers. 38−40 One could further explore the molecular-level effects of post-translational modification (e.g., phosphorylation and glycosylation) on interprotein interactions, which have broad biological and pharmaceutical importance. The obtained inter-amino-acid interaction strengths would also contribute to the pursuit of novel peptoidmimetic polymers in which main-chain-related interactions can be neglected 41 and peptidomimetic libraries are developed for modulating protein− protein interactions. 42 Preliminary efforts in the rational design of peptides based on these data and the principles of inter-amino-acid recognition have been explored targeting metastasis-associated protein for stroma-secreted chemokine (CXCL12) and its receptor 4 (CXCR4) in multiple acute myelocytic leukemia (AML) cells, 43, 44 epithelial cell adhesion molecule (EpCAM) and human epidermal growth factor receptor-2 (HER2) for capturing circulating tumor (CTC) cells in blood for breast cancer diagnosis and prognosis, respectively. 45, 46 Optimization and maximization of inter-amino-acid interactions are vital for further insight into the complexity of diverse protein structures and functions in biological systems and in deliberately designed, tailored, and predictable interaction strengths in synthetic peptides.
These principles will also be useful in systematic investigations of side-chain-related interactions, such as solvent dependence due to water-mediated hydrogen bonds between hydrophilic and charged side chains previously identified as important in protein stability. 4 Ultimately, understanding interactions will also require systematic analyses of cooperativity in heterogeneous peptide sequences. Note that the presented inter-amino-acid interactions derived from unaggregated peptides could also be helpful in analyzing amyloid-forming propensities of the 20 common amino acids. Table 1 .
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The importance of inter-amino-acid recognition can be found in the protein−protein interaction literature. 48, 49 On the basis of the selectivity of the amino acid interactions observed, we can assess previously reported conserved amino acid sequences that dominate protein−protein interactions. From Table 1 , distinctively high propensities for the strongest inter-amino-acid interactions can be found for tryptophan (W), proline (P), arginine (R), tyrosine (Y), and methionine (M). This observation is qualitatively consistent with the reports of conserved amino acids in the high binding affinity regimes (hot spots for protein−protein interfaces) of tryptophan (W), arginine (R), and tyrosine (Y).
50,51
The inter-amino-acid interactions are inherently relevant to the interactions at different levels of protein complexity. Protein−protein, ligand−receptor interactions result from interpeptide interactions based on inter-amino-acid interactions. The binding energies between amino acids and the contributions from side-chain−side-chain interactions and sidechain−main-chain interactions can also guide the design of ligands or peptides for targeted proteins. The significant differences in inter-amino-acid interactions provide a basis for the sequence dependence of interpeptide and interprotein interactions at the level of individual amino acids. On the other hand, the apparent multiplicities of interaction strengths between amino acid combinations indicate that polymorphisms can conserve or tune protein−protein interaction strengths.
■ CONCLUSIONS AND PROSPECTS
The principles of inter-amino-acid recognition, as presented in this work, can be summarized as follows:
(1) Inter-amino-acid interactions are exclusively attractive with synergistic contributions from both main chains and side chains. Among many long-standing challenges in studying protein structures and properties, the sequence dependence of structures and binding interactions between proteins are universal and pivotal in biological systems. We anticipate that understanding the principles of inter-amino-acid interactions will advance our ability to address these profound challenges and understanding of the roles of contacting amino acids in antibody−antigen, ligand−receptor, and other protein−protein and protein-peptide interactions.
■ EXPERIMENTAL METHODS AND MATERIALS
The detailed descriptions of the experiment protocols for the full set of binding affinity measurements are provided in the Supporting Information (including Tables S3−S5 ). The following brief descriptions are provided here for convenience. No unexpected or unusually high safety hazards were encountered.
Materials. All the peptides used in our experiments were purchased from Shanghai Science Peptide Biological Technology Co., Ltd. They are all homo-octapeptides. The full set of analytical data sheets including high-performance liquid chromatography (HPLC) and mass spectrometry (MS) results are provided for biotinylated peptides (Figures S420−S439 ) and the peptides with FITC and a linker unit of 6-aminocaproic acid (Acp) (Figures S440−S459) .
Streptavidin (SA)-coated PS microbeads were purchased from Bangs Laboratories, Inc. with a mean diameter of 4.95 μm. The binding capacity is 0.057 μg of biotin-FITC per mg microspheres. The number of particles is 1.432 × 10 10 beads per gram of dry microbeads. The biotinylated peptides bound onto SA-coated PS microbeads are defined as the stationary-state molecules represented in the form of AA8, and the free peptides with FITC with a linker unit of Acp in solution are defined as the mobile-state molecules represented in the form of 8. Phosphate buffer solution was purchased from GE Healthcare Life Sciences Hyclone Laboratories. Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich Co., Ltd. All reagents were used without further purification.
Preparation of Peptide Solutions. One milligram of octapeptide (AA8 or 8) was dispersed in 50 μL of DMSO and then sonicated for 5 s with several times for complete dissolution. The solution was saved in the dark for 1 h. 950 μL of PBS buffer was added to AA8 solution to obtain the peptide concentrations of 1 mg/mL. Calculated volumes of PBS buffer were added to 8 solution to obtain the stock solutions at peptide concentrations of 1 mM.
We have examined the fluorescence-labeled peptides deposited on mica surfaces by atomic force microscopy (AFM). The results suggest little or no oligomeric effects for hydrophilic, basic, and acidic amino acids in the range of low concentrations (typically 10 −8 to 10 −10 M or below) of measurements. As an example of representative hydrophobic peptides, tryptophan homo-octapeptide was examined in the AFM observations. The topographic images indicate that the deposited tryptophan peptides are overwhelmingly monomeric, while a small fraction of peptide aggregates might be observed at relatively high concentrations ( Figure S460 ).
The impact of the observed oligomeric state of hydrophobic peptides on the outcome of binding affinity measurements is unlikely to be dominant due to the following considerations. First, the magnitude of the measured binding affinity is mainly determined by the slope of the isotherm at low concentrations. The observed populations of oligomeric aggregates for hydrophobic peptides by AFM are not pronounced in this range of concentrations (typically 10 −8 to 10 −10 M or below). Second, the fluorescence intensity distributions in flow cytometry results are consistent with the dominant contributions being from monomeric peptides, since oligomeric peptides would likely lead to abnormal fluorescence intensities, which are not observed in the measurements.
Binding of 8 with AA8-Modified Microbeads. Streptavidin-coated PS microbead suspensions were stored at
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Research Article 4°C and were vortexed for approximately 30 s prior to use to ensure dispersity. The 115 μL microbead suspensions were washed with PBS buffer followed by centrifugation at 10 krpm for 3 min, and then the supernatant was discarded. After three washes and centrifugation cycles, the centrifuged pellet was resuspended in 500 μL PBS with addition of 25 μL of octapeptide AA8 solution at a concentration of 1 mg/mL. The solutions were incubated at room temperature for 3 h, and then washed and centrifuged three times. The centrifuged pellet was resuspended in 5.0 mL of PBS and dispatched into centrifuge tubes, numbered as 0−9. Then, 450 μL of PBS was added into sample number 0 tube to bring the final volume of 500 μL. Next, corresponding volumes of PBS and a series of 8 solutions were added into tube numbers 1−9 to obtain 500 μL microbead suspensions. In detail, after sequential dilution with PBS buffer, a series of peptide solutions was obtained with final concentrations of 8 at 0.5 nM, 1.5 nM, 5 nM, 0.015 μM, 0.05 μM, 0.15 μM, 0.5 μM, 1.5 μM, and 5 μM, except for 8, which was prepared with final concentrations of 0.05 nM, 0.1 nM, 0.15 nM, 0.5 nM, 1.5 nM, 5 nM, 0.015 μM, 0.05 μM, and 0.15 μM. All of the samples were repeated 10 times. The samples were incubated overnight at 37°C in a dark table concentrator at a speed of 10 rpm prior to use in FCM experiments.
Note that the interactions between mobile peptide and streptavidin could potentially contribute to the measured binding affinities. However, we expect such contributions should be insignificant due to the following considerations, based on the adsorption structure of the peptides. As to the structural effects of the immobilized peptides, it has been established for surface-immobilized linear molecules, such as long-chain alkanethiolates and oligonucleotides, that the molecular backbone is typically tilted from the surface normal direction with a cant angle, accompanied by twists of the main chain as the result of conformational fluctuations.
52−54 As a result of the tilted molecular orientation, the adsorbed linear molecule occupies an area larger than its cross section. Such effects are more pronounced at surface sites of curved or faceted nanostructures. The enlarged surface occupation area, together with the adsorbed peptide structure being predominantly oriented normal to and on top of the streptavidin surface, results in preferential interactions between the immobilized peptides and mobile peptides and leads to the measured interpeptide binding affinities.
As an illustration of differences in adsorption of mobile peptides on peptide-functionalized bead and streptavidin-coated bead surfaced, our flow cytometry measurements for mobile peptides interacting with streptavidin-coated beads showed binding affinities typically at or below 10 −7 M, which is in the weak regime of the measured binding affinities which spans nearly 5 orders of magnitude from 10 −6 to 10 −10 M as shown in the Results and Discussion. Such pronounced differences in binding strengths between peptide-functionalized beads and streptavidin-coated beads are consistent with peptide−peptide interactions dominating the measured binding affinities presented here, particularly for the strong interaction regime (at or below −12 kcal/mol binding energy, or 10 −9 M in binding affinity). As discussed above, rigorous comparisons of fluorescence contrast between peptide-functionalized bead and streptavidin-coated beads (i.e., beads without peptide modifications) should take into account the peptide-modificationinduced differences in bead interface structures, such as adsorption structural configurations of the peptides and structural effects of the immobilized peptides, which will result in preferential interactions between the immobilized peptides and mobile peptides and lead to the measured interpeptide binding affinities.
Flow Cytometry. An Accuri C6 flow cytometer (BD Biosciences) was used at an emission wavelength of 488 nm, a detection wavelength of 530 ± 15 nm, and a flow rate of 14 μL/ min. The gate was set when the FCM measurements are performed without FITC-octapeptides in the mobile phase (sample number 0, referred as control). The fluorescence threshold I 1 was set where the background signal above this fluorescent intensity gate was below p 0 ≅ 2%. At the same fluorescence threshold, sample numbers 1−9 with FITC-labeled octapeptides AA8 in the mobile phase (FITC-8) were measured, and the corresponding detection values, i.e., the percentages of PS microbeads with fluorescence above the threshold I 1 , p 1 , were recorded. Each set of data consists of nine concentrations and 5000 events (each event corresponds to one PS microbead counted in flow cytometry) for each concentration. All experiments were repeated 10 times, thus one K D value of an AA8− 8 pair was obtained from as many as ca. 450 000 events. Such sample numbers are important in testing and validating the statistical methods for the microbead-based fluorescence methodology and data analyses used.
Data Analysis. Data analyses were performed by fitting the data to the probability of fluorescence intensity in the above expression. We conduct Bayesian analysis for the determination of the parameters in this expression. A nearly noninformative Gamma(2,0.01) distribution (with variance 20 000) is used as the prior distributions for all parameters. The posterior probability distribution is sampled using the Markov Chain Monte Carlo method. 55 We draw 10 000 Monte Carlo samples for inference after 5000 burn-in samples. The lower and upper credible bounds are estimated using the 5% and 95% quantile points of the Monte Carlo samples.
Validation of the Microbead-Based Binding Affinity Measurements. Orthogonal Binding Assays. (G8 ↔ 8, G8 ↔ 8) are presented in the Supporting Information of the manuscript. The detailed experimental protocol for performing the orthogonal tests is provided in the Supporting Information (including Tables S6−S11 ). The factors and levels for the orthogonal test are listed in Table S12 . These assays are representative for side chain moieties with different structures and hydrophobicity/hydrophilicity.
The orthogonal test design L 8 ( 2 7 ) with interaction effects was performed to include four factors and two levels, which are relevant to the measurements of peptide−peptide binding affinities. The four factors are peptide incubation time on the microbead surface (factor C), preparation time of the peptide solutions (factor B), and incubation time and vibration speed for peptide−peptide binding interactions (factor A and factor D, respectively). In order to explore the possible impact of preparation conditions of mobile and stationary peptides on the binding affinity measurements, the possible interactions between factors A and B, and A and C are also included in the orthogonal test.
The intuitive analysis of the orthogonal experiments is provided in Tables S13 and S14 for binding assays G8 ↔ 8 and G8 ↔ 8. The measured binding affinities with different experimental factors showed reasonable consistency in each assay with different binding strengths. The range of the orthogonal test is provided in the last rows in Tables S13 and S14 reflecting the impact of level variations of factors on the measured binding affinities for different peptide−peptide
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According to the R values in Tables S13 and S14, the significance of the factors on the peptide−peptide binding affinity measurements decreases in the following order:
The above results indicate that affinity measurements can be optimized using orthogonal test design. Analyses of the above results also indicate that the experimental factors may have peptide-dependent effects on the binding affinity. Optimized experimental conditions can be selected for individual peptide− peptide pairs based on further orthogonal analysis. The assessment of the feasibility of developing rigorously optimized general experimental conditions for the full set of binding affinity measurements will be carried out in the near future.
Comparisons with Reported Independent Measurements. The validation of the methodology described in this work was performed by comparing the measured binding affinities with the previously reported independent measurements (surface plasmon resonance, SPR; isothermal titration calorimetry, ITC; circular dichroism, CD) for protein A-IgG, streptavidin (SA)-biotin, a series of E. coil−K. coil pairs, ranging from medium to strong interaction strength (for K D values between 10 −7 and 10 −16 M) (Table S15 ). Agreement can also been seen for the very strong binding interactions between SA and biotin (K D values around 10 −16 M in Table S15 ). The difference in the quantitative values can be assigned to the variations in experimental assays. The qualitative consistency in the measured interaction strength can be identified from these independent results. This range of interaction strength fully covers the measurement regimes in our work. We note that different experimental approaches have been taken to measure medium to strong interaction strengths, as listed in Table S15 for surface SPR and ITC, etc., and are important to test the observed peptide−peptide interactions. Likewise, these measurements may be helpful in testing other experimental approaches to measuring peptide−peptide interactions.
Additional comparisons with independent microbead-based methods, such as mean fluorescence intensity (MFI), were performed. Mean fluorescence intensity is generally used as a binding reporter in microbead-based and cell-surface-based binding assays. The binding affinities determined by MFI for the data in the orthogonal tests are provided together with the fluorescence intensity probability method described here.
The comparison of affinity results for binding assays G8 ↔ 8 and G8 ↔ 8 by using mean fluorescence intensity vs. fluorescent peptide concentration, in comparison with those from the fluorescence intensity probability formalism here, are provided in Figure S461 and Table S16 . Specifically, the mean fluorescence intensity method appears to lead to affinities lower than or close to those of the fluorescence intensity probability method.
Note that for exact Gaussian-type fluorescence distributions, one expects that the use of median or mean fluorescence intensity should lead to similar results by using the formalism as rigorously derived in this work, which takes into account the distribution of peptide coverage on the PS microbead surface manifested by the fluorescence above the threshold intensity.
The observed differences in the binding affinities determined by fluorescence intensity probability method in this work and the median or mean fluorescence intensity methods may be attributed to the complementary fluorescence contributions from either below or above the threshold value defined here, particularly in the range of low peptide concentrations. Note that the magnitude of the measured binding affinity is predominantly determined by the slope of the isotherm at low concentrations. As the formalism presented in this work mainly takes into account the fluorescence intensity above the threshold, the outcome of the measured binding affinity has contributions from the peptide coverage on the PS microbead surface both at low and high concentrations.
In contrast, the median and mean fluorescence intensities at low peptide concentrations are predominantly distributed below the above-specified threshold intensity, which is within the range of detection limit of the cytometry detector. As a result, both median and mean fluorescence intensities measured at low peptide concentrations are more susceptible to intensity fluctuations. Such contributions from intensity fluctuations near the detection limit of the cytometry detector in the median or mean fluorescence intensity methods could lead to differences in the extracted affinity results in comparison to that of the fluorescence intensity probability method used here.
Preliminary Test of Length-Dependence in Interpeptide Interactions. There are notable increases from 10 −7 to 10 −11 M in interpeptide interactions (K D ) in Table S15 as the length of peptide in the stationary phase increases (K 3 , 23 AA; K 4 , 30 AA; K 5 , 37 AA) while the peptide in the mobile phase remains the same (E 5 , 30 AA). Our measurements and the reported values consistently illustrate the length dependence of binding interactions in the peptide pairs of E. coil and K. coil.
The effect of chain length in interaction strength is reproduced in the homopeptide pairs as illustrated in Table  S17 . We observe increasing binding affinity with increasing peptide length in the mobile phase interacting with different octapeptides in the stationary phase. For higher binding affinities, i.e., longer peptide chain length, the signal-to-noise ratio improved. Note that there is a technical limitation due to the synthetic difficulty of obtaining the full set of homopeptides beyond eight amino acids. The above observations are the rationale for our experimental design of utilizing homooctapeptides for the binding affinity measurements for the primary and complete set of experiments in this work.
Binding Affinities for Copeptides Containing Two Kinds of Amino Acids. To test the robustness of the experimental design, we measured copeptides containing two kinds of amino acids (glycine and tryptophan) in the form of single mutations in the sequences. As can be seen from the binding measurements of homologous octapeptides in Table S2 , the affinity of W8 ↔ 8 (5.6 ± 1.5 × 10 −10 M) is much stronger than that of G8 ↔ 8 (1.5 ± 0.6 × 10 −7 M). Therefore, tryptophan and glycine can be considered as representative strongly and weakly interacting amino acids, respectively. The measured binding affinities of these copeptides in the mobile phase interacting with the octapeptide (G8) in the stationary phase revealed the determinant effect of strongly interacting amino acids in a heterogeneous peptide sequence.
The above results illustrate that it is feasible to observe the qualitative trend of binding affinities for binary peptides containing strong and weak interaction amino acids. Note that predicting binding affinities of copeptides essentially requires detailed insight of the sequence and length effects of interactions between heteropeptides in general. The capability of rigorous prediction of interaction strength affinity of different hetero-
Research Article peptides could be achieved by examining the effects in combinatory mutations based on the homopeptides. This is an extremely important effort that should be implemented in future efforts.
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